This study examines the influence of the northeast and southeast Pacific subtropical stratocumulus cloud regions on the modes of Pacific climate variability simulated by an atmospheric general circulation model (ECHAM6) coupled to a slab ocean. The sensitivity of cloud liquid water to underlying SST is changed in the radiation module of the atmospheric model to increase the strength of positive low-cloud feedback in the two regions. Enhanced low-cloud feedback increases the persistence and variance of the leading modes of climate variability at decadal and longer time scales. Additional integrations show that the southeast Pacific influences climate variability in the equatorial ENSO region, whereas the effects of the northeast Pacific remain confined to the North Pacific. The results herein suggest that a positive feedback among SST, cloud cover, and large-scale atmospheric circulation can explain decadal climate variability in the Pacific Ocean. In particular, cloud feedbacks over the subtropical stratocumulus regions set the time scale of climate variability. A proper representation of low-level cloud feedbacks in the subtropical stratocumulus regions could therefore improve the simulation of Pacific climate variability.
Introduction
Several studies have documented low-frequency fluctuations in Pacific Ocean sea surface temperature (SST) associated with basinwide changes in climate. These fluctuations are characterized by a triangular pattern of SST anomalies over the eastern side of the Pacific Ocean, surrounded by anomalies of the opposite sign to the west, and over the central North and South Pacific. This pattern is usually referred to as Pacific decadal variability (PDV) and represents the primary mode of Pacific climate variability on time scales longer than interannual (Chen et al. 2008) .
Over the twentieth century, a shift from cold to warm PDV occurred in 1924-25, followed by a shift from warm to cold in 1946-47, and from cold to warm in 1976-77. The latest shift to a cold phase seems to have occurred after the major El Niño event of 1997-98, and still persists (Nitta and Yamada 1989; Trenberth and Hurrell 1994; Mantua et al. 1997; Zhang et al. 1997; Deser et al. 2004; Alexander 2010; Deser et al. 2010; Wang et al. 2014, among others) . The shifts in PDV were accompanied by changes in large-scale atmospheric circulation, sea level pressure (SLP) over the Aleutian low, air temperature, and rainfall over North America (e.g., Mantua et al. 1997; Minobe 1997; Hare and Mantua 2000; McCabe et al. 2004; Deser et al. 2004) , and had far reaching consequences on marine ecosystems and fish production (e.g., Mantua and Hare 2002; Peterson and Schwing 2003; Di Lorenzo et al. 2008) .
In the tropical Pacific, the low-frequency SST fluctuations of the PDV resemble interannual anomalies associated with El Niño-Southern Oscillation (ENSO), and are similarly accompanied by changes in the Walker circulation and precipitation. These low-frequency fluctuations in the tropical Pacific are often referred to as ENSO-like decadal variability (e.g., Wang and Ropelewski 1995; Zhang et al. 1997; Clement et al. 2011) and are linked to persistent rainfall anomalies over land such as the Dust Bowl drought of the 1930s (Barlow et al. 2001; Hoerling et al. 2001; Schubert et al. 2004a,b; Seager et al. 2005) . Given the substantial economic and societal impacts of PDV, understanding the processes responsible for the persistence of SST anomalies in the tropical Pacific is of primary importance because a better understanding of these processes improves predictability of decadal changes in SST, which is currently limited (Kim et al. 2012; Smith et al. 2012) .
The mechanisms underlying PDV are under debate (Alexander 2010) . Given the similarity between SST patterns associated with PDV and ENSO, most studies have suggested mechanisms for PDV that presume a fundamental role for coupled ocean-atmosphere dynamics and ocean waves (e.g., Latif and Barnett 1994; Gu and Philander 1997; Timmermann and Jin 2002; Karspeck et al. 2004; Yeh and Kirtman 2006; Kwon and Deser 2007) . More recently, a few studies challenged this notion, and showed that atmospheric dynamics and air-sea interactions can alone explain ENSO-like variability on both interannual (Dommenget 2010 ) and longer time scales (Dommenget and Latif 2008; Clement et al. 2011; Okumura (2013) ). These studies examined AGCMs coupled to a motionless slab ocean model (AGCM-slab simulations) in which the atmospheric model is thermodynamically but not dynamically coupled to the ocean model. Clement et al. (2011) showed that ENSO-like low-frequency variability simulated by an ensemble of AGCM-slab models from the Coupled Model Intercomparison Project phase 3 (CMIP3) archive shares several features with observations, including precipitation, sea level pressure, and atmospheric circulation patterns. Those authors found that the persistence of ENSO-like SST anomalies in the AGCM-slab models is consistent with an integration of atmospheric white noise by the oceanic mixed layer [i.e., as in the theoretical model of Frankignoul and Hasselmann (1977) ]. In this context, the duration of the SST anomalies is regulated by weakly damped atmospheric feedbacks involving the interaction among SST, winds, and cloud cover. Clement et al. (2011) also showed that the persistence of SST anomalies in the tropical Pacific is model dependent.
Low-level clouds over the subtropical eastern Pacific exert a strong radiative cooling and increase the persistence of local SST anomalies in the northeast (NE) and southeast (SE) Pacific subtropical stratocumulus regions (Klein and Hartmann 1993; Park et al. 2005; Clement et al. 2009; Bellomo et al. 2014) . Ma et al. (1996) increased the amount of stratocumulus cloud cover over the SE Pacific off the coasts of Peru in a coupled climate model. They found that greater cloud cover reduces the warm SST bias in the SE Pacific and results in a better simulation of precipitation and trade winds across the tropical Pacific. Several other studies have then suggested that there is a positive feedback among subtropical low-level clouds, SST, and large-scale atmospheric circulation in the tropical Pacific (Philander et al. 1996; Nigam 1997; Norris 2005; Clement et al. 2009 ). The SST anomalies propagate from the subtropical NE and SE Pacific regions to the equatorial Pacific via the atmospheric wind-evaporation-SST (WES) feedback (Zhou and Carton 1998) and influence ENSO and the tropical Pacific climate (Chang et al. 2007; Matei et al. 2008; Okumura (2013) ; Zhang et al. 2014) . Cloud feedback in the subtropical stratocumulus regions could therefore lead to decadal anomalies in SST throughout the Pacific basin (cf. Clement et al. 2009 ).
In this study we examine the hypothesis that low-level cloud feedback influences the persistence of tropical Pacific climate variability patterns. We increase the strength of positive low-cloud feedback over the NE and SE Pacific subtropical stratocumulus regions in an AGCM-slab model, and evaluate the influence of these regions on the modes of Pacific climate variability simulated by the model. This investigation gives important insights into the role of low-level clouds with regard to the persistence of SST anomalies, and indicates that a better representation of clouds could increase the predictive skill of decadal climate variability in the Pacific Ocean.
Data and methods

a. Experimental design
We perform experiments with the ECHAM6 (v6.1.04) atmospheric general circulation model coupled to a slabocean model for the open ocean and a thermodynamical sea ice model. The details of ECHAM6 are given in Stevens et al. (2013) . We use a variant of the coarseresolution model (ECHAM6-CR) with T31 horizontal grid (3.758 3 3.758) and 31 vertical levels instead of 47. The coarse-resolution version, unlike the other versions of ECHAM6, does not include a representation of the stratosphere. The mixed-layer depth of the slab-ocean model is fixed to 50 m everywhere and does not vary seasonally. When the AGCM is coupled to a slab ocean, the atmosphere and the ocean are thermodynamically but not dynamically coupled. We choose this configuration because AGCM-slab models simulate realistic low-frequency Pacific climate variability even in the absence of ocean dynamics (Clement et al. 2011) , and it is easier to interpret the effects due to atmospheric feedbacks without the complications of dynamical coupling with an interactive ocean.
We perform a simulation in preindustrial control conditions (i.e., constant greenhouse gas forcing), which we will refer to as the control run. In AGCM-slab ocean simulations, SST is determined at each time step by atmospheric heat fluxes in the current run and prescribed monthly mean ocean heat fluxes-commonly referred to as q fluxes-which represent the effects of the mean ocean heat transport but do not drive internal variability. We compute q fluxes from a run of the AGCM forced with fixed climatological monthly mean SST.
We compare the control run with simulations in which we enhance the strength of positive low-cloud feedback, where positive means an amplification of a local SST anomaly. To increase the strength of positive low-cloud feedback we multiply cloud liquid water in the radiation code of ECHAM6 by an amplification factor y at each time step of the model run. The factor y is a function of underlying SST and ranges between 0 and 2 as follows:
where SST is the monthly mean SST anomaly calculated as the SST in the current run minus the climatological monthly mean SST computed from the last 50 years of the control run. In other words, at each time step and grid point the model checks which month it is, calculates the monthly mean SST anomaly with respect to the control simulation, and computes y. Then, the cloud liquid water is multiplied by y and becomes a function of the underlying monthly SST anomaly. By changing the radiative effect of cloud liquid water seen by the radiation module with Eq. (1), we modify the cloud radiative effect (CRE). In this study we only show the CRE at the surface, which is defined as totalsky minus clear-sky net (i.e., shortwave plus longwave) radiative flux at the surface and is positive for downward fluxes. Our conclusions do not change when we examine the CRE at the top of the atmosphere. Equation (1) shows that when SST is positive the net cloud radiative effect decreases (warming effect) because cloud liquid water is multiplied by y , 1, whereas when SST is negative net CRE increases (cooling effect) because cloud liquid water is multiplied by y . 1. This increases the strength of positive cloud feedback in the model.
We increase the strength of positive cloud feedback over the NE and SE Pacific, which we define as the subtropical regions (i.e., outside 158N-158S) where the mean subsidence at 500 hPa is greater than 10 hPa day 21 , and the lower tropospheric stability (LTS) is greater than 17.5 K (LTS is defined as the difference in potential temperature at 700 and 1000 hPa). This definition is somewhat arbitrary, but it allows us to target regions and atmospheric conditions in which subtropical stratocumulus clouds are predominant in the climatological mean of the model (cf. Medeiros and Stevens 2011) . The regions that we choose are contoured by black boxes in Fig. 1 . We verify that in these regions cloud liquid water in the model is present only in clouds below 700 hPa in the climatological mean so that we enhance the strength of cloud feedback at low levels. We note that we only modify the radiative effect of cloud liquid water in the radiation module, and thus we do not change cloud liquid water in the atmospheric water budget.
We perform three experiments with enhanced lowcloud feedback. The first experiment is one in which we increase the strength of positive low-cloud feedback in both the NE and SE Pacific subtropical stratocumulus regions. This experiment will be referred to as the NE1SE Pacific simulation. The second experiment is one in which we enhance positive low-cloud feedback only in the SE Pacific (SE Pacific simulation) while in the third experiment we enhance positive low-cloud feedback only in the NE Pacific (NE Pacific simulation). All simulations, including the control run, are integrated for 200 years, but the first 50 years are discarded from the analysis to allow the model to spin up. We form monthly mean anomalies by subtracting the climatological monthly mean from each month. Each experiment is run with prescribed ocean heat fluxes calculated from AGCM simulations with fixed SST.
The difference in the long-term global mean SST between the three experiments with enhanced low-cloud feedback and the control run is less than 0.4 K. We verified that this increase in mean SST does not affect our conclusions by running another experiment in which we modified the q flux so that the mean SST change was nearly zero (0.07 K). In this simulation (not shown) we find consistent results with the ones shown in the rest of this paper. This means that changes in the mean climate do not affect the changes in internal climate variability due to enhanced cloud feedbacks. We also note that the enhanced cloud feedback does not influence the simulation of the seasonal cycle of SST.
b. Observations
We compare the model simulation of cloud feedback with observations. CRE is obtained from the Clouds and Earth's Radiant Energy System (CERES) Energy Balanced and Filled (EBAF) dataset (EBAF_Ed2.6r; Loeb et al. 2009 ). SST is from the Extended Reconstructed SST version 3b (ERSSTv3b) dataset of the National Oceanic and Atmospheric Administration (NOAA) Earth System Research Laboratory (Smith et al. 2008 ). As with model simulations, we form monthly mean anomalies by subtracting the climatological monthly mean from each month using the years 2001-09 in which the two datasets overlap.
Results
a. Enhanced strength of cloud feedback
We estimate the strength of cloud feedback as the regression of local CRE (defined at surface throughout this study) on SST. Figure 1 shows cloud feedback in the control simulation (Fig. 1a) as well as the differences between the three enhanced cloud feedback experiments and the control run (Figs. 1b-d) . Contours represent cloud cover climatology in the control run, while the black boxes indicate the regions where we increased the strength of cloud feedback applying Eq. (1). Figure 1a shows that the model simulates positive cloud feedback over the eastern Pacific and negative cloud feedback over the equatorial western Pacific. Therefore, the model simulates cloud feedback of the same sign as seen in observations over the tropical Pacific (Bellomo et al. 2014 ) but overestimates the strength of positive cloud feedback over some regions (e.g., the cold tongue) and underestimates it over the subtropical stratocumulus regions. In fact, the observational estimates of cloud feedback defined as the regression of CRE at the surface from CERES on SST from ERSST are 5. increase the strength of cloud feedback in the subtropical stratocumulus regions, in this study we perform sensitivity tests to qualitatively explore the role of cloud feedbacks on Pacific climate variability, but we are not in a position yet to assess their actual magnitude. Therefore, we will compare the enhanced cloud feedback experiments with the control simulation but not with observations. Other estimates of strength of cloud feedback over the Pacific subtropical stratocumulus regions and the deficiency of models in simulating strong enough cloud feedback can be found in previous studies (e.g., Bony and Dufresne 2005; Cronin et al. 2006; Clement et al. 2009; Lauer et al. 2010; de Szoeke et al. 2012) . Figure 1b shows that the NE1SE Pacific simulation exhibits stronger cloud feedback over both the NE and SE Pacific than in the control simulation, as intended. Figures 1c and 1d similarly show that cloud feedback gets stronger mainly over the SE Pacific and NE Pacific in the other two experiments, with smaller effects outside of these regions. Although some regions exhibit less positive cloud feedback (e.g., over the cold tongue), the sign of cloud feedback in the three experiments is of the same sign as in the control simulation (Fig. 1a) everywhere. Therefore, the sign of cloud feedback is consistent with observations in all simulations. The average cloud feedback over the NE and SE Pacific is reported in Table 1 for each experiment.
b. Effects of cloud feedback on internal climate variability
The stronger low-cloud feedbacks over the subtropical stratocumulus regions increase the magnitude of monthly mean SST anomalies over the eastern Pacific. Figure 2a shows the variance of SST in the control simulation, while Figs. 2b-d are the differences between the variance of SST in the enhanced cloud feedback experiments and the control run. Stippling indicates where the differences in the variance are statistically significant at the 95% level of a Fischer's F test. To calculate the F test, we use reduced degrees of freedom to account for the autocorrelation of the time series at lag 1.
The variance of SST increases in the eastern Pacific, mostly where cloud feedbacks are enhanced, but also outside of these regions. In particular, there is an increase over the eastern equatorial Pacific and the cold tongue, which originates from the SE Pacific region. Compared to observations, we note that the model underestimates the variance of SST over the equatorial Pacific in the control simulation (Fig. 2a) . This is due to the absence of ocean dynamics and of ENSO (Clement et al. 2011) . We note that there is not much increase in variance in the lower left corner of the SE Pacific box. This is related to the fact that the increase in strength of cloud feedback is less pronounced there due to less cloud cover in the climatological mean (Fig. 1b) .
Cloud feedbacks also have a considerable impact on the persistence of SST monthly mean anomalies, as shown in Fig. 3 by the difference between the e-folding time scale in the three experiments and the control run. The e-folding time scale is defined as the month at which the autocorrelation of SST reduces by a factor of 1/e and is a measure of the persistence of SST anomalies. For reference, we plot the e-folding time scale in the control simulation in Fig. 3a . In the control simulation (Fig. 3a) , the e-folding time scale exhibits the largest values along the equatorial Pacific and the cold tongue, and over the subtropical eastern Pacific off the coasts of California and Peru. The NE1SE Pacific experiment (Fig. 3b) exhibits the largest change from the control run, that is, an increase in e-folding time scale by ;7 months, which occurs over the Niño-3.4 region (58S-58N, 1208-1708W) and almost doubles the e-folding time scale of the control run in this region (Fig. 3a) . Figures 3c and 3d show similar results, in particular that the SE Pacific has a larger effect on SST in the equatorial ENSO region than the NE Pacific. These results indicate that cloud feedbacks influence the magnitude of SST anomalies and their persistence. To understand what is the effect of cloud feedback on the modes of climate variability simulated by the model, and to better characterize the relative influences from the NE and SE Pacific regions, we compare the mean climate state (Fig. 4) with an empirical orthogonal function (EOF) analysis of the leading modes of variability (Fig. 5) . Figure 4 shows the climatology of SST (shaded), SLP (contours), and surface winds (vectors) in the control simulation. As in observations, the subtropical stratocumulus regions (boxed) are characterized by relatively cold SST and are located equatorward and westward of the subtropical high pressure systems. To obtain the leading modes of climate variability in the tropical Pacific Ocean, we compute EOFs of tropical Pacific SST (308S-308N, 1408E-708W) , and then use the Kaiser row normalization and the varimax rotation to obtain the first two rotated EOFs in each model simulation. After the rotation, the EOFs are orthogonal but the principal components (PCs) are not. The PCs of the first two rotated EOFs are then normalized by their standard deviation. Figure 5 shows the regression of SST, surface winds, and SLP on the PCs of the first two rotated EOFs in the control run. These regressions represent the anomalies associated with the sign of SST (shaded) shown in the plots. When these modes shift to the opposite phase with reversed SST sign, the anomalies associated with the opposite phase have the same pattern as those shown in the plots in Fig. 5 but reversed sign.
The first EOF explains 10% of the variance and the regression on its PC (Fig. 5a ) shows a pattern of variability resembling the Pacific decadal oscillation (PDO), which is the North Pacific signature of PDV (Mantua et al. 1997) . During the positive phase of the PDO, the Aleutian low and the cyclonic wind circulation around the low are enhanced, and SST anomalies over the central North Pacific and eastern Pacific Ocean are of opposite sign. These features are all captured by the first EOF of the control run (Fig. 5a ). We will refer to this pattern as the North Pacific mode.
The second EOF explains similar variance (9.8%) and the regression on its PC (Fig. 5b) is reminiscent of ENSO although the largest variance occurs over the southeast Pacific rather than at the equator because of the absence of ocean dynamics in the slab-ocean model configuration. This mode resembles the thermally coupled Walker (TCW) mode of Clement et al. (2011) . Those authors showed that the TCW mode is associated with interannual to decadal time scale fluctuations in the Southern Oscillation index, and arises even in the absence of ocean dynamics. Similarly to Clement et al. (2011) , we find that the warm phase of this mode (Fig. 5b) is characterized by warm SST and westerly wind anomalies along the equatorial Pacific, a low and cyclonic wind circulation over the SE Pacific, and weaker Walker circulation. We will refer to this second regression as the South Pacific mode.
The North and South Pacific modes are the two dominant modes of Pacific climate variability simulated by the model, and explain similar variances. Linear crosscorrelations of the principal components associated with the two modes reveal that they are weakly correlated at lag 0 but this correlation (0.16) is small and not significant (at the 85% level confidence of a Pearson's R test for correlation). Thus, even after the rotation of the EOFs, these two modes exist as separate patterns of variability in the model.
The experiments with enhanced positive low-cloud feedback over the subtropical stratocumulus regions simulate the same two dominant modes of variability, but the variance explained by the two modes is larger. Table 2 shows the variance explained by the two modes in each experiment. In the NE1SE Pacific experiment the variance of the two modes increases by about the same amount. Instead, the other two experiments show that the SE Pacific increases mainly the variance of the South Pacific mode, whereas the NE Pacific increases mainly the variance of the North Pacific mode. It is noteworthy that the North Pacific mode (Fig. 5a ) remains confined to the Northern Hemisphere, whereas the South Pacific mode (Fig. 5b) reaches the equatorial ENSO region, which is consistent with previous studies. In fact, Okumura (2013) and Zhang et al. (2014) suggested that the mean location of the intertropical convergence zone (ITCZ) in the Northern Hemisphere prevents the wind-induced anomalies from the Northern Hemisphere from reaching the equator, and our findings support this idea (cf. wind patterns in Figs. 5a and 5b with wind climatology in Fig. 4) .
We note that the third EOFs in all experiments explain variances ranging from 6.3% to 7.0%. Because these remain similar in all experiments while the first Table 2 are consistent in magnitude and within the range of the variances explained by the EOFs in each 50-yr interval. The EOF analysis therefore shows that low-cloud feedbacks in the subtropical stratocumulus regions increase the variability of basinwide climate variability patterns. In particular, cloud feedback in the SE Pacific seems to play a fundamental role in modulating equatorial Pacific variability. To understand the influence of cloud feedback on equatorial climate variability as a function of time scale, we compute power spectra of the Niño-3 SST index (Fig. 6) . The Niño-3 region (58S-58N, 908-1508W) is located in the eastern equatorial Pacific and is a commonly used index to detect ENSO variability. Although we choose to show the Niño-3 region, we find consistent results for other indices in the equatorial Pacific and the Niño-3.4 index. The power spectrum of the Niño-3 index in the control run is plotted in black (Fig. 6) , while colored curves represent the power spectrum in the three experiments. In the calculation of the spectra we taper 10% of the data and apply a 15-month smoothing to the periodogram estimates.
The combined effects of the NE and SE Pacific feedbacks (red curve) increase the variance of the Niño-3 index at time scales longer than 10 years. Variance at time scales longer than 10 years is also enhanced by the SE Pacific (blue) and NE Pacific (green), although the influence of the NE Pacific at the equator is small. The SE Pacific (blue) increases interannual (2-7 yr) time scale variability, which suggests that SE Pacific cloud feedbacks could modulate ENSO amplitude on interannual time scales (Dommenget 2010) .
The thin gray curves in Fig. 6 represent an estimate of the error range in the control run. The error range is obtained from the inverse chi-square distribution function at the 95% probability level by calculating the upper integration of the noncentral chi-square distribution from the degrees of freedom. The curves representing the NE1SE Pacific (red) and SE Pacific (blue) experiments lie well outside the error range, while the curve of the NE Pacific experiment is not statistically different from the control simulation. We also apply the Fischer's F test for variances to show where the variances are statistically different from the control run. The black markers on the colored curves indicate at which frequencies the difference in the variance from the control simulation is significant at 95% level of the F test. The Fischer's test shows that the enhanced variability at decadal and longer time scales in the NE1SE Pacific and SE Pacific experiments, and at interannual time scales in the SE Pacific, are statistically significant, in agreement with the estimated error range from the chi-square distribution.
We compute power spectra of SST indices in the NE and SE Pacific boxes and in the regions where the variance of SST increases by most in the subtropical eastern Pacific (not shown). We find an increase in the variance of SST at decadal and longer time scales and in the SE Pacific also at interannual time scales, consistent with the power spectra shown for the Niño-3 index in Fig. 6 . Interestingly, when the NE and SE Pacific feedbacks are both enhanced (red curve), they interfere constructively at decadal and longer time scales enhancing the variance of the Niño-3 index spectrum, but they interfere destructively at interannual time scales where the red curve (NE1SE Pacific) exhibits less variance than the blue curve (SE Pacific only). It is not clear what processes could lead to these different behaviors at interannual and decadal time scales, but additional analysis of composites of Niño-3 warm events in the NE1SE Pacific and control simulations (not shown) suggests that a Pacific meridional mode characterized by SST anomalies of one sign in the northern tropical Pacific and of opposite sign over the cold tongue Chiang and Vimont (2004) is predominant at interannual time scales, whereas an ENSO-like pattern (e.g., Deser et al. 2010 ) is predominant at longer time scales. This hypothesis is consistent with the power spectra in Fig. 6 and with lead/lag correlations of SST in the North and South Pacific with the Niño-3 index during warm/cold events of the Niño-3 index. In fact, these composites (not shown) reveal that prior to Niño-3 warm/cold events the SST in the North and South Pacific are anticorrelated at interannual time scales, but correlated at decadal time scales. This hypothesis needs further verification with a multimodel analysis and longer simulations to rule out the possibility that this behavior is model or time dependent.
c. Mechanisms of SST propagation and persistence
Since we are examining AGCM-slab simulations, the processes that contribute to the development, propagation, and persistence of SST variability are driven solely by surface heat fluxes (i.e., shortwave, longwave, latent, and sensible). We find that the mechanisms of ENSO-like variability in our runs are consistent with previous findings (cf . Dommenget 2010; Zhang et al. 2014) . Composites of ENSO-like events (not shown) reveal that an initial SST anomaly develops in the SE Pacific several months prior to the peak of the event. This anomaly propagates northward and westward via the wind-evaporation-SST feedback. The WES feedback takes place when a weakening of the climatological north-south and east-west tropical SST gradients along with a weakening of the trade winds (Fig. 4) favors a migration of SST anomaly from the SE Pacific to the eastern equatorial Pacific. Latent heat flux due to weaker northeastward trade winds initially favors the warming in the SE Pacific, but then damps SST anomalies after the event reaches its peak because of the strong dependence of latent heat release on specific humidity (Wang 2010) . In contrast, the CRE contributes to the warming of SST throughout the event, reducing the damping effect of latent heat flux. In the western Pacific the CRE has opposite sign and tends to damp SST, thereby preventing the anomaly from reaching farther west.
To visualize the relative roles of the surface heat fluxes in driving ENSO-like anomalies, we composite surface heat fluxes and SST in the southeastern Pacific (58-208S, 708-1008W) prior to and after the peak of Niño-3 index warm events (Fig. 7) . Figure 7 displays the processes that contribute to the growth and decay of warm SST in the SE Pacific associated with warm Niño-3 events. The Niño-3 warm events are chosen as the months at which SST is larger than one standard deviation of the Niño-3 index that are also local maxima in the time series. Figure 7a shows the composites in the control simulation, while Fig. 7b shows the composites in the SE Pacific experiment. SST (black curve) in the SE Pacific leads the peak of Niño-3 events by a few months, which is consistent with a WES feedback and northwestward propagation from the subtropical stratocumulus SE Pacific region. We note that in the SE Pacific experiment (Fig. 7b) there is a larger contribution to SST warming from the CRE, which explains larger-amplitude and more persistent SST anomalies than the control run (Fig. 7a) . Instead, the latent heat fluxes damp SST anomalies in both simulations throughout the event. The clear-sky and sensible heat fluxes have much smaller effects. These results do not change when we apply low-pass filters to remove high-frequency variability, indicating that these mechanisms explain both interannual and low-frequency SST fluctuations in the model. The composites are not sensitive to the exact location of the box that we choose in the southeast Pacific, and compositing cold instead of warm Niño-3 events (not shown) leads to similar results.
Discussion and conclusions
In this study we examine the role of the NE and SE Pacific subtropical stratocumulus regions in driving Pacific climate variability in an AGCM (ECHAM6) coupled to a slab ocean. We enhance the strength of positive low-cloud feedback over the NE and SE Pacific by increasing the radiative effect of cloud liquid water in response to SST anomalies. We find that lowcloud feedbacks over the subtropical stratocumulus regions increase the variance and persistence of SST in the eastern Pacific Ocean, and enhance the variability of the two dominant modes of Pacific climate variability. The two dominant modes of variability correspond to a mode resembling the Pacific decadal oscillation (PDO) in the North Pacific, and a mode resembling El Niño-Southern Oscillation (ENSO) in the equatorial eastern Pacific. We name these modes the North Pacific and South Pacific mode, respectively.
We perform two additional experiments in which we increase the strength of positive low-cloud feedback only in one of the two subtropical stratocumulus regions at the time. We find that the NE Pacific enhances the North Pacific mode but has little influence at the equator. In contrast, the SE Pacific enhances the South Pacific mode, increasing the variance of the Niño-3 index on both interannual (2-7 yr) and decadal (.10 yr) time scales.
To understand the mechanisms contributing to the persistence of ENSO-like events, we composite heat fluxes in the southeastern Pacific during warm events of the Niño-3 index. We find that the CRE at the surface is largely responsible for the persistence of SST anomalies in the southeastern Pacific, contrasting the damping effect of latent heat fluxes. In addition to what is in the literature, we show a primary role for clouds in increasing the persistence of basinwide climate variability patterns, in particular at decadal and longer time scales.
We assert that the results of these model experiments are relevant to understanding observed decadal climate variability. In fact, decreases and increases in low cloud in the eastern subtropical Pacific cover have been observed over the last century in response to warm and cold phases of PDO, respectively (Deser et al. 2004; Clement et al. 2009 ). Changes in the amount of cloud cover have a strong impact on the radiative budget (Bellomo et al. 2014 ) and could influence SST on long time scales. Based on our results and the observational evidence for decadal shifts in cloud cover, we propose one mechanism for Pacific decadal climate variability that involves a positive feedback among cloud cover in the subtropical stratocumulus regions, SST, and largescale atmospheric circulation. This mechanism can briefly summarized as follows.
SST anomalies in the subtropical stratocumulus regions influence the strength of the trade wind and latent heat fluxes (namely, the WES feedback). The WES feedback favors a propagation of SST from the subtropical stratocumulus regions to the equator along the mean track of the trade winds. If cloud feedbacks are enhanced in the subtropical stratocumulus regions, then the variance of SST anomalies increases at longer than interannual time scales, especially at time scales longer than 10 years. These SST anomalies in the subtropical stratocumulus regions increase the persistence of basinwide SST anomalies via the WES feedback mechanism. Hence, decadal climate variability can be explained by thermally coupled heat fluxes at the ocean surface (Clement et al. 2011 ), but cloud feedbacks in the subtropical stratocumulus regions play an important role in setting the duration of these climate shifts. This mechanism does not presume a primary role for ocean dynamics.
In the present study we did not address the role of ocean dynamics, which remains an open question. Okumura (2013) examined the mechanisms of tropical Pacific decadal variability in both the fully coupled and slab-ocean version of Community Climate System Model, version 4 (CCSM4; Gent et al. 2011) . They suggested that ocean dynamics increase the coherency of the North and the South Pacific modes by enhancing equatorial SST variability and associated atmospheric teleconnections. Ma et al. (1996) also looked at the role of ocean dynamics and showed that advection by ocean dynamics (Humboldt current) was important in the equatorward propagation of SST. These two studies both support the idea that ocean dynamics increase the variance of Pacific climate variability, but Clement et al. (2011) examined an ensemble of CMIP3 slab-ocean models and showed that this effect is model dependent and generally small at time scales longer than interannual.
Finally, we note that the role of clouds in modulating climate variability is receiving increasing attention.
A number of studies showed that atmospheric feedbacks including the cloud feedback over the cold tongue can drive ENSO events and modulate ENSO characteristics in coupled climate models, and also in observations if the cold tongue is sufficiently strong (Dommenget 2010; Bellenger et al. 2014; Dommenget et al. 2014) . Some recent studies showed that subtropical stratocumulus clouds influence climate variability patterns in the Atlantic Ocean. Among others, Evan et al. (2013) showed that positive stratocumulus cloud feedbacks in the NE and SE Atlantic Ocean reduce the damping rate of SSTs associated with the Atlantic meridional mode, while Trzaska et al. (2007) suggested an important role for positive cloud feedbacks off the coasts of Namibia in propagating SST anomalies from the South Atlantic to the equatorial Atlantic.
Given the important role of cloud feedbacks in modulating climate variability in different ocean basins, we suggest that a better representation of cloud-environment relationships would potentially improve near-term predictions of interannual and decadal time scales of SST anomalies. Incorporating cloud radiative effects from satellite products in statistical prediction models such as the linear inverse model of Newman et al. (2003) or in GCMs could give insights into the predictive skill gained by including information of clouds and radiation fluxes in near-term forecasts.
